The Lost City hydrothermal field on the Mid-Atlantic Ridge supports dense microbial life on the 25 lofty calcium carbonate chimney structures. The vent field is fueled by chemical reactions 26 between the ultramafic rock under the chimneys and ambient seawater. These serpentinization 27 reactions provide reducing power (as hydrogen gas) and organic compounds that can serve as 28 microbial food; the most abundant of these are methane and formate. Previous studies have 29 characterized the interior of the chimneys as a single-species biofilm inhabited by the Lost City 30 Methanosarcinales, but also indicated that this methanogen is unable to metabolize formate. The 31 new metagenomic results presented here indicate that carbon cycling in these Lost City chimney 32 biofilms could depend on the metabolism of formate by low-abundance Chloroflexi species.
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and fumarate reductase (Fig. 2) . In addition, genes for gluconeogenesis were also present, 138 suggesting fixed carbon can be stored as glucose. It is unclear if Sulfurovum can run the TCA 139 cycle in the forward direction for heterotrophic growth. Succinate dehydrogenase genes were 140 present in the MAG, but there was no evidence for citrate synthase. Desulfobacter 141 hydrogenophilus is known to use ATP citrate lyase (instead of citrate synthase) in both the 142 forward and reverse directions, and this may be possible for Sulfurovum as well (23). 143 Alternatively, instead of using a bidirectional TCA cycle to break down glucose reserves, 144 Sulfurovum may ferment it into lactate; indeed, lactate dehydrogenase was present in this MAG. 145 The Sulfurovum MAG contained genes for a complex electron transport chain, suggesting 146 a metabolically diverse lifestyle (Fig. 2) . Complex I (NADH dehydrogenase) likely serves as a 147 versatile entry point for many catabolic reactions. We also found a sulfide:quinone This MAG also contained a number of cofactor ABC transporters including those for 153 tungstate (required for formate dehydrogenase activity), molybdate, iron, thiamin, and zinc. We 154 also found evidence of transporters for macronutrients such as L-amino acids, branched-chain 155 amino acids, phospholipids and phosphate. 156 In addition to these nutrient-acquiring transporters, the MAG contained a transporter 157 responsible for excreting capsular polysaccharides. After intracellular construction, these 158 molecules are exported to form a capsule around the cell which is involved in both biofilm 159 formation and environmental stress protection (24). We also found a lipopolysaccharide export (29, 31) .
170
The lack of a SOX system and the presence of formate-metabolizing genes in the Lost
171
City Sulfurovum MAG are novel for the genus. The ability to scavenge amino acids, form 172 biofilms, and retain genetic flexibility for multiple electron acceptors supports this organism 173 having a mixotrophic lifestyle capable of adapting to a fluctuating environment with varying 174 ratios of seawater and hydrothermal fluids. These results suggest that the ideal location for 175 Sulfurovum is in a transition zone between the interior and exterior of the chimneys. After refining, the Chloroflexi MAG is estimated to be 70% complete with 4.73% 179 contamination. The mapped fragments make up 0.62% of the assembly (Table S2 ). Of the three 180 MAGs discussed here, this MAG contained the highest number of protein-encoding genes 181 (3,936), but only 84% of these were annotated with functional predictions. This bin also had the 182 highest number of incomplete KEGG modules (39) (Dataset 1).
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The Chloroflexi MAG contained a focA formate transporter adjacent to a formate 184 dehydrogenase alpha subunit (fdhA) gene and three genes encoding the catalytic subunit of 185 NAD(H) dehydrogenase (nuoG, hoxF, hoxE) (Fig. 3) . The beta subunit (fdhB) was located 186 together with fdhA on a different contig. In addition to formate-utilizing genes, the Chloroflexi 187 MAG contained a carbon fixation pathway. A nearly complete reductive pentose phosphate cycle 188 was present (Fig. 4) . The MAG also included a carboxysome-specific carbonic anhydrase, 189 suggesting that this organism uses a carboxysome to concentrate CO2 around the ribulose-1,5-190 bisphosphate carboxylase/oxygenase (RuBisCO) (32). Carboxysomes are used by many 191 organisms when the concentration of CO2 outside the cell is lower than the Km of RuBisCO (33) .
192
If the Chloroflexi species couples the carboxysome shell with the conversion of formate to CO2, 193 this could be an effective adaptation to the lack of CO2 in the chimney environment.
194
The one enzyme missing from the reductive pentose phosphate cycle in this MAG is 195 glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which is also involved in glycolysis.
196
Interestingly, thermophilic organisms use a distinct form of GAPDH to cope with the heat 197 instability of glyceraldehyde-3-phosphate (23, 34), so it is possible that the Chloroflexi MAG 198 contains an as yet unidentified variant of GAPDH. Another adaptation of thermophilic growth is 199 in the structure of fructose-bisphosphate aldolase, an enzyme involved in gluconeogenesis (34).
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This gene is also included in the Chloroflexi MAG and is most closely related to that of the 201 thermophile Caldilinea aerophila. 202 The Chloroflexi MAG also contained an incomplete Wood-Ljungdahl pathway.
203
Typically, the presence of this pathway in a bacterial genome indicates that it is involved in 204 carbon fixation during acetogenesis, but the lack of two key enzymes in this MAG casts doubt on 205 that scenario. One of these missing enzymes (methylene-tetrahydrofolate reductase: MTHFR) is 206 10 essential for acetogenesis. The second missing enzyme is acetate kinase, which is involved in the 207 last step of acetate formation. A similar partial Wood-Ljungdahl pathway has been described in 208 the dehalogenating Chloroflexi Dehalococcoides mccartyi (35). Although D. mccartyi is missing 209 MTHFR, the species is capable of de novo methionine biosynthesis through the partial Wood-
210
Ljungdahl pathway via the cleavage of acetyl-CoA. As the Lost City Chloroflexi MAG 211 contained no other pathways for methionine biosynthesis, this organism, like D. mccartyi, may 212 use the incomplete Wood-Ljungdahl pathway for methionine biosynthesis rather than for carbon 213 fixation.
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The Chloroflexi MAG had both glycolysis/gluconeogenesis pathways and a forward TCA 215 cycle. This suggests the organism could store carbon fixed through the reductive pentose 216 phosphate pathways as glucose reserves and grow heterotrophically when carbon is limited in the 217 environment. Additional evidence for a flexible mixotrophic lifestyle for this MAG included 218 three carbohydrate transporters (multiple sugar, ribose, and D-xylose transport systems), 219 suggesting that this Chloroflexi species is capable of metabolizing additional complex carbon 220 sources.
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The membrane-bound complexes encoded by the Chloroflexi MAG are consistent with 222 an anaerobic, mixotrophic lifestyle ( Fig. 4) . Energy conservation appears to be mediated by a 223 complete NADH:quinone oxidoreductase (complex 1) (nuoABCDEFGHIJKLMN), a succinate 224 dehydrogenase (complex II), a polysulfide reductase, a cytochrome c oxidase (complex IV), a 225 heterodisulfide reductase, and an F-type ATPase typical of bacteria. Electrons could be donated 226 by formate or carbohydrates, but the terminal electron acceptor is unclear.
227
The MAG had a cytochrome c oxidase (complex IV), which would indicate oxygen as 228 the terminal electron acceptor, but the lack of a cytochrome oxidoreductase such as cytochrome 229 11 bc or b6f complex (complex III) is perplexing. The genome of anaerobic Sulfurimonas 230 gotlandica str. GD1 contains a cytochrome c oxidase, but the enzyme's suspected function is to 231 occasionally remove inhibitory oxygen rather than to serve as a terminal electron acceptor (36).
232
Furthermore, the Chloroflexi genus Anaerolineae is described as obligately anaerobic, yet many 233 species contain genes for aerobic respiration in their genomes (37). Due to the presence of 234 numerous oxygen-sensitive enzymes (aldehyde ferredoxin oxidoreductase, CODH/ACS 235 complex, anaerobic forms of glycerol-3-phosphate dehydrogenase and sulfatase maturase) in the 236 Chloroflexi MAG, it is likely that the cytochrome c oxidase's role is to remove oxygen rather 237 than to serve in the last step of an aerobic respiratory chain.
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However, the lack of a complex III raises the question of where the reduced cytochrome 239 would be transferred from. Heterodisulfide reductase (Hdr) has been proposed to be involved in 240 electron transfer to cytochromes in other species (38, 39) . This complex could work in tandem 241 with the cytochrome c oxidase to remove intracellular oxygen. If oxygen is not the terminal 242 electron acceptor, then the presence of polysulfide reductase (Psr) indicates polysulfide 243 compounds as the most likely terminal electron acceptors. The Chloroflexi polysulfide reductase 244 sequence has 40% identities with the Psr sequence from Thermus thermophilus, which has been 245 shown to use polysulfide as its terminal electron acceptor (40).
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The Chloroflexi MAG contained transporters for tungstate (required for formate 247 dehydrogenase activity), iron, and thiamin. As with the Sulfurovum, the Chloroflexi is able to 248 scavenge some macronutrients: L-amino acids, branched-chain amino acids, phospholipids and 249 phosphate. Because the MAG is estimated to be only 70% complete, it is likely that it contains 250 additional transporters not identified in this study. The refined Methanosarcinales MAG was estimated to be 84.87% complete with 5.26% 258 contamination. The mapped fragments made up 4.41% of the entire assembly ( Table S2 ). The
259
MAG contained 2,324 protein-encoding genes, only 77% of which could be assigned a predicted 260 function. The Methanosarcinales MAG had 33 complete and 28 incomplete KEGG modules 261 (Dataset S1). 262 We identified this MAG as the previously described Lost City Methanosarcinales 263 phylotype due to the taxonomic assignment of Methanosarcinales for all contigs and the presence 264 of nitrogenase reductase (nifH, nitrogen fixation) and methyl coenzyme M reductase (mcrA, 265 methanogenesis) sequences that matched those of previously sequenced genes (7, 11) ( Table S3 , 266 S4). In agreement with our previous analysis with a smaller dataset, we found no evidence that 267 the Methanosarcinales is able to utilize formate as a carbon source (3). The MAG did contain a 268 genomic inventory that would allow the Methanosarcinales to utilize CO2, acetate, and methanol 269 for methanogenesis ( Fig. 5) . Transporters for tungstate and molybdate were also identified; these 270 metals are required cofactors for many of the enzymes in the methanogenic pathway.
271
This Methanosarcinales MAG provides new information on the phylogenetic status of 272 this species. Previous studies classified this species within order Methanosarcinales (4), but this 273 organism has never been cultured, despite many attempts, and a more specific phylogenetic 274 13 classification has never been attempted. Its closest relatives have been previously reported to 275 include members of the Methanosarcinaceae and Methanosaetaceae families (4, 6). These two 276 families include the only species known to be capable of methane production from acetate (41).
277
Each group of methanogens has distinct mechanisms for acetate activation and energy phosphotransacetylase, perhaps due to the incompleteness of the MAG), suggesting that it may 282 be able to use both systems or a hybrid system.
283
The energy conservation strategy of the Lost City Methanosarcinales appears to be more 284 similar to that of Methanosaeta than Methanosarcina. As in Methanosaeta, the MAG contained 285 no Ech hydrogenase, no Rnf complex, and no methanophenazine-reducing hydrogenase (Vho).
286
Instead, the only energy-conserving complex external to the methanogenesis pathway is F420H2 287 dehydrogenase, which is also employed by Methanosaeta species (41).
288
Phylogenetic analyses of methanogenesis genes from this MAG suggest that it is distinct 289 from both Methanosaeta and Methanosarcina, perhaps forming a novel family within order 290 Methanosarcinales (Figure S2) . In two of the gene trees (ftr and mer), the Lost City gene was 291 monophyletic with methylotrophic methanogens such as Methanococoides burtonii. A third 292 phylogeny (mtd) grouped the Lost City gene with hydrogenotrophic and formate-utilizing 293 Methanosarcinales, such as Methanothermococcus okinawensis. In a fourth phylogeny (mch), the 294 Lost City gene was distinct from all other known species.
295
No genomes of Methanosaeta contain membrane-bound hydrogenases that would allow 296 H2 to serve as the electron donor (42-44). However, the Lost City MAG contained five genes 297 annotated as a ferredoxin-dependent membrane bound hydrogenase (Mbh). This complex is 298 known to translocate protons with the formation or cleavage of hydrogen gas, similar to the Ech 299 hydrogenase found in many hydrogenotrophic methanogens (45). Therefore, the Lost City 300 Methansarcinales may be able to use this enzyme for hydrogenotrophic methanogenesis. Sulfurovum species as the formate-utilizing organisms that may be required to make mantle-317 derived carbon available to the rest of the chimney ecosystem.
318
The Lost City biofilms that inhabit the anoxic interiors of the chimneys have been 319 described as containing a single-species, the Lost City Methanosarcinales (3-7, 11) . The single 320 15 Methanosarcinales MAG reported here represents 4.41% of the chimney metagenome, >5 times 321 more abundant than the other MAGs we have been able to recover so far. This species has been 322 previously shown to dominate the chimney microbial community (4, 5, 7), yet it appears to be 323 unable to use one of the most abundant carbon sources, formate. The Lost City Chloroflexi 324 MAG, by contrast, contains the required genes for using formate and may provide CO2 to 325 Methanosarcinales and other members of the biofilm community. The Chloroflexi MAG is seven 326 times less abundant than the Methanosarcinales MAG, so it appears to serve its carbon-cycling Table S5 : Accession numbers for reference proteins used in Figure S2 . (ftr), b. N 5 N 10 -methenyl-tetrahydromethanopterin cyclohydrolase (mch), c. F420-dependent 621 N 5 N 10 -methylene-tetrahydromethanopterin dehydrogenase (mtd), d. and F420-dependent N 5 N 10 -622 methylene-tetrahydromethanopterin reductase (mer). Accession numbers for reference proteins 623 can be found in Table S5 .
